Abstract-Multiple-Input Multiple-Output radar is used in long distance surveillance applications. In order to increase the range resolution while increasing the angular resolution, the aperture of the virtual array may be larger than the range resolution, then the antenna array is a wide band array. In this paper we discuss the wide band array signal processing and show that long time coherent integration can improve the performance of target separation.
INTRODUCTION
Recently, Multiple-Input Multiple-Output(MIMO) radar has received much attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . MIMO radar uses multiple antennas to simultaneously transmit different waveforms instead of transmitting coherent waveforms in the traditional phased array and it also uses multiple receive antennas to receive the reflected signals from the targets. When the signals transmitted are orthogonal, it features isotropic radiation where there is no beam formed in space. Beamforming is achieved at the receive antennas. The advantage of isotropic radiation is that it decreases the probability of interception of the radar waveform by a third party.
There are two kind of antenna array configurations in MIMO radar. One exploits space diversity by sparsely distributing the transmit antennas such that the aspect angles of the target from different antennas are different [3] . This can overcome performance degradation caused by the fluctuation of the target's radar cross section(RCS). Another configuration is that the distances between transmit antenna elements and the distances between receive antenna elements are small, such that the RCS of a target are same for different transmit-receive antenna pairs. The ability to achieve high resolution, the increase of the degree of freedom and the signal processing of MIMO radar due to aperture extension were discussed in [4] [5] [6] [7] [8] [9] [10] . The papers [7, 8] discussed many super resolution DOA estimation methods which include Capon, APES and iterative generalized likelihood ratio test methods. Space time adaptive processing(STAP) of MIMO radar was discussed in [9] and [10] . What they discussed are all narrow band array signal processing.
In order to increase the range resolution and the angular resolution, the aperture of the virtual array may be larger than the range resolution. The envelopes of the received signals from slant range target for different virtual antennas are then different and wide band array signal processing must be used. The focus of our discussion is on the delay and sum wide band array signal processing of MIMO radar and how coherent integration processing can improve the performance of targets separation.
MIMO RADAR SIGNAL MODEL
Consider a MIMO radar system with N transmitters and M receivers. We assume that the targets are located in the far field and that the distance between each array's elements is not very large. Therefore, the directions of a target relative to the different transmit antennas are the same. Similarly, the directions to the different receive antennas are also the same. The RCS of a target corresponding to different transmit-receive antenna pairs are the same. The MIMO radar geometry is shown in Fig. 1 . The left most transmit antenna is located at the origin of the coordinate system. In this paper, we consider the case where the transmitted signals from different transmit antennas is Code Division Multiple Access (CDMA) signals. Let the transmitted baseband signal from the nth transmit antenna be
where
is the signature sequence of ±1 assigned to the nth transmit antenna, L is the length of the sequence, u(t) is the normalized chip waveform of duration T c = T /L, and T is the symbol interval. The delay from a target to the nth transmit and the mth receive antennas are τ tn (t) and τ rm (t) respectively. The synthetic signal at the target can be expressed as
where f is the carrier frequency. This signal will be back scattered by the target to the receive array.
After demodulation, the received array signal can be expressed as Equation (3), where σ is the signal amplitude.
First the received signal must undergo dispreading and then separated according to the different transmit codes. Denote s nn to be the despreaded signal for transmit code c n with despreading codec n . Then the despreaded array signal can be expressed as
s n,n (t) is the autocorrelation function while s n,n (t) (n = n ) is the cross correlation function. Generally, the autocorrelation functions are much larger than the cross correlation functions. The autocorrelation functions are regarded as the main part of the signals and can be expressed as (5) . It can be regarded as being produced by transmitting with one antenna and receiving with a virtual array. The wide band beamforming can be computed using the following steps. For a distance d and an angle θ (shown in Fig. 2 ), compute the delay τ tn (t) and τ rm (t) using the radar geometry, then compute the summation
SPECIAL CASES OF WIDE BAND BEAMFORMING
First we assume that the distances between the transmit antennas and the distances between the receive antennas are small, then the target's line of sight (LOS) relative to different transmit antennas and the LOS relative to different receive antennas are the same. For simplicity we consider a linear one dimensional antenna array case.
Bistatic Antenna Array
We assume that the transmit and the receive antenna arrays are separated far apart. The target is in the far field. The geometry of the bistatic configuration is shown in Fig. 3 . Denote τ 0 (t) = τ t1 (t) + τ r1 (t), ∆τ tn (t) = τ t1 (t) − τ tn (t) and ∆τ rm (t) = τ r1 (t) − τ rm (t), then Y m,n (t) can be written as
where ∆τ rm (t) =
mdr(cos ϕ(t)) c
, ∆τ tn (t) =
ndt(cos θ(t)) c
, τ 0 (t) = τ 0 (0) + (vt · n t ) /c + (vt · n r ) /c, n t and n r are the line of sight of the target relative to the transmit antenna array and the receive antenna array, respectively. v is the speed of the target.
For a short time duration, ϕ(t) and θ(t) can be considered as constants. Denoting f dt = −v·n t /λ, f dr = −v · n r /λ and omitting the constant phase term, where λ is the wavelength, Y m,n (t) can be simplified as
j2π( nd t cos θ+mdr cos ϕ λ
) .
Co-located Antenna Array
For a co-located antenna array, the transmit antenna array and the receive antenna array are very near. In this case, we have
j2π( (md t +mdr ) cos ϕ λ
Narrow Band Array
The range resolution is cT c /2. We assume that |∆τ rm (t)+∆τ tn (t)| T c , i.e., |M d r +N d t | cT c and that main lobe of s n,n (t) are the same for different n. Then for any m and n, s n,n (t−τ tn (t)−τ rm (t)) ≈ s 1,1 (t − τ 0 (t)). Denoting y 3 (t) = vec{Y 2 m,n (t)}, we have
is the kronecker product. a = a t a r is the virtual antenna array steering vector. We choose
2 , then the aperture of the virtual array is M N λ 2 , which is bigger than the aperture of the receive array, but equal to the aperture of the transmit array and without grating lobe.
Doppler Filtering
For coherent reception, Doppler filtering can improve the SNR and separate targets in the Doppler domain. Generally, the angle resolution is much coarser than range resolution and during coherent integration time, the target does not move across an angular unit. In the range domain, we consider two particular cases.
The first case is for a target which does not move across one range unit during the coherent processing duration. The other case is where the target moves across one range unit. In the first case, the Doppler processing can be done along the same range-angle unit. But for the second case, Doppler processing should be done in several range units, and interpolation must be implemented before Doppler processing. The range profile in the first snapshot is shown in Fig. 4 . The 6 targets are located at the range unit of 391 and 421 for the first antenna. However, 4 targets become gradually located at different range units with an increase of the virtual antennas number. The range-angle profile of the targets using wide band beamforming is shown in Fig. 5 . The range-angle profile of the targets using narrow band beamforming is shown in Fig. 6 . It can be seen that because narrow band processing cannot coherently integrate the whole signals, the amplitudes are reduced. Because the targets do not move across one range unit during the coherent processing integration time, we can perform Doppler processing without interpolation. The Doppler-angle profiles at the range of 180 km and 180.5 km are shown in Fig. 7 and Fig. 8 . It can be seen that the peaks of the six targets correspond to the correct Doppler frequencies. 
CONCLUSIONS
In this paper, we discussed the wide band array signal processing for MIMO radar using binary pseudo spreading code. The wide band array processing was implemented by delay and sum processing. Doppler processing is used to improve the separation of targets in the Doppler domain.
